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are based on its own thermal characteristics (typically, melting upon heating and solidification on 86 cooling) or need further modification to acquire printability. There is limited data about the 3D 87 printing of grain-based food, which highly hampers the application of 3D printing in the production 88 of next-generation daily dietary food since the major ingredients of most snack foods are grain-based. 89
Only a few studies have concerned 3D printed grain-based products based on, for instance, mashed 90 potato products with different contents of potato starch (Liu et al., 2018) . Also, potato starch was 91 reported to adjust the rheological properties of lemon juice gels in order to develop new 3D printed 92 food constructs in lemon juice gel systems (Yang et al., 2018) . Still, this field is in its infancy and the 93 improvement of the currently developed systems is urgently needed. Therefore, motivated by the 94 excellent rheological properties of starch, this study focuses on the rheological behaviors of rice 95 starch (RS), potato starch (PS), and corn starch (CS) under the conditions mimicking the HE-3DP 96 process, and their actual printing behaviors. The aim of this work is to illuminate the underlying 97 relationship between starch rheological properties and printability, and provide insights into the 3D 98 printing of starch-based staple food. 
Main components analysis 110
The apparent amylose contents of starch samples were determined by using the AACC method 111 61-03(10) with minor modification. 100 mg of dry starch was dispersed in 1 mL of anhydrous 112 ethanol and 9 mL of 1 M NaOH solution, and completely dissolved by heating at 100 °C for10 min 113 with shaking. Then, the starch solution was diluted with water into 100 mL after cooling to the 114 ambient temperature. 2.5 mL of this diluted solution was mixed with 25 mL of water, then added 115 with 0.5 mL of 1 M acetic acid solution and 0.5 mL of 0.2% iodine solution, and made up to 50 mL 116 with water. A UV-3802 spectrophotometer (UNICO, New Jersey, USA) was used to measure the 117 absorbance at 620 nm. The amylose content values were calculated from a standard curve established 118 using mixture solutions of amylose and amylopectin (R 2 = 1). A moisture analyzer (MA35, Sartorius 119 Stedim Biotech GmbH, Germany) was used to determine the moisture content of the original starch. 120
The amylose and moisture contents were given in Table 1 . 121
Sample preparation 122
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Rheological Measurements 125
Dynamic mechanical parameters (storage modulus (G'), loss modulus (G''), and loss tangent 126 (tan δ)) were used to evaluate the viscoelastic properties of starch samples on an Anton Paar MCR 127 302 rheometer. For each measurement, a certain concentration of starch suspension was loaded 128 between the stainless steel parallel plates (with a diameter of 25 mm and a gap of 1 mm) and 129 equilibrated at a certain starting temperature. The exposed edges of the samples were covered with a 130 thin layer of silicon oil to prevent moisture evaporation. 131
Temperature sweeps were undertaken from 45 °C to 100 °C at a rate of 2 °C/min, and the strain 132 and frequency were set at 0.5% and 10 rad/s, respectively. 133
For oscillation tests, starch suspensions were heated from 45 °C to a certain temperature (RS to 134 80 , PS to 70 , and CS to 75 ) at 5 °C/min and kept at the temperature for 5 min. Strain sweeps 135
were first conducted at a frequency of 10 rad/s to obtain strain values in the linear viscoelastic region. 136
Yield stress (τ y ) was measured under oscillatory stress sweep at a frequency of 10 rad/s. Alternate 137 strain sweep tests were performed using alternating strains of 1% (in the linear viscoelastic region) 138 for 2 min and 100 % (beyond the linear viscoelastic region) for 2 min per cycle at a frequency of 10 139 rad/s to investigate the response of G′ to strain of the starch samples. 140
Steady shear rheological measurements were undertaken using the same facility with a 40-mm 141 cone-and-plate geometry. Viscosity was recorded with a shear rate range from 0.1 to 100 s 
Statistical analysis 161
All the experiments were performed at least in triplicate, the mean values and differences were 162 analyzed using Duncan's multiple-range test. Analysis of variance (ANOVA), followed by the least 163 significant difference test (LSD-test), was performed using SPSS (Version 22.0) software. The 164 significance level was set at p < 0.05. 
Where η is the viscosity (Pa·s) of starch systems, is the shear rate (s -1 ), K is the consistency (Pa·s), 177
and n is the power-law index. For a pseudo-plastic solution, n < 1. 178
The detailed parameters of regression power-law equations for different starch samples were 179 listed in Table 2 . It can be seen that nearly all correlation coefficients (RM A N U S C R I P T
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showing a strong power-law dependence of viscosity on shear rate. In addition, all n values were 181 much lower than 1, indicating all starch samples strongly behaved as a non-Newtonian fluid and 182 showed a shear-thinning behavior. For each starch, the viscosity increased with the increased 183 concentration at the same shear rates. Moreover, at concentrations of 10 % (w/w) or lower, the 184 viscosity value of PS was highest followed by RS and CS at the shear rate from 0.1 to 100 s −1 , while 185 at higher concentrations (15-30 % (w/w)), the highest value was RS. This was in agreement with the 186 trend of G' during temperature sweep (discussed below). 187
Dynamic shear rheological study 188
Temperature sweep 189
The viscoelastic property of starch suspension can be reflected by both G' and tan δ ( profiles during temperature sweep (Fig. 3 (A) ). Specifically, at low temperatures, G' remained low 196 and unchanged as starch could not dissolve in cold water. As the temperature increased and reached a 197 certain point (T G' ), G' increased dramatically along with a sharp decrease in tan δ (Fig. 3 (B) ) 198 because of the closely packed matrix caused by the swelling of starch granules (Lii et al., 1996) . 
Alternate strains sweep 221
When being extruded from and out of the nozzle, a printing medium will undergo a high-shear 222 process and a low-shear process sequentially, thus materials for extrusion 3D printing should not 223 only be easily extruded from the nozzle but also maintain sufficient mechanical integrity when being 224 extruded out of the nozzle to support the next printed layer (Liu et al., 2018). To further understand 225 the responsiveness of starch systems to shear strain, CS, RS and PS (10-30 % (w/w)) were subjected 226 to two cycles of low (1 %) and high (100 %) strains for 2 min, respectively. 227 the conformational entropy will partially restore. Thus, the decrease in G′ for all the three starch 234 samples at a high shear strain could be attributed to the disruption of the physical network due to the 235 macromolecular chains orientation. Subsequently, the rapid recovery in G′ at low shear strains was 236 related to the rapid reformation of the transient network, which was promoted by the partially or 237 fully restored conformation due to the reconstruction of the physically entangled structure (Winnik 238 and Yekta, 1997). 239 Table 4 lists the G' values at different stages during alternate strains sweep tests. G′ 1 corresponds 240 to G' during the temperature sweep. It was found that all the starch samples remarkably decreased toM A N U S C R I P T
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G′ 2 and displayed an apparent decline from G′ 1 to G′ 3 . This small hysteresis between the G′ 1 and G′ 3 242 could result from the higher G′ 1 in the first stage caused by the initial equilibration at 0% strain. 243
Another reason may be the non-total recovery of the physically entangled network structure under 244 the high strain, which would lead to lower G′ 3 . Yet, a less reduction from G′ 3 to G′ 5 was shown, 245
indicating that all the starch samples could instantly restore to the previous structure at low strains 246 after a high shear process. This desirable property of rapid and reversible modulus responding to 247 shear strain shows the suitability of these starch materials for HE-3DP. indicating that it is superior as a printed medium in a wide concentration range. 274
HE-3D printed objects 275
Fig. 6 presents the printed constructs including a smiling face (50×50×7 mm), a beetle 276 (16×96×8 mm) and a bowl (28×28×49 mm). From all observations, all starches at 10 % (w/w) and 277 15 % (w/w) CS could be smoothly extruded from the nozzle, which could be ascribed to the low τ f 278 values (Fig. 5 (B) ). However, these printed objects deformed immediately and showed poor 279 resolutions because of sagging, which was due to the weak mechanical strength reflected by low τ y 280 (Fig. 5 (B) ) and G' 3 (Table 4) . The printed PS constructs with concentrations 15-20 % (w/w) showed preferable resolutions 297 (0.915-0.935 mm line width) and structural consistency. Nevertheless, the number of printed layers 298 of constructs without collapse was less than that for RS, which might be due to the lower τ y values 299
(32-102 Pa) of PS than those of RS. Further increasing the concentration of PS to 25 or 30 % (w/w) 300 led to τ f (1553-1583 Pa) and G' 2 (868-2799 Pa) that were too high under a high shear process through 301 the nozzle so that PS could not be extruded from the nozzle smoothly.
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Conclusion 303
This study focused on the HE-3DP of starch and we have established the relationship between 304 rheological properties and printability. The results indicated that concentrated starches present 305 shear-thinning and strain-responsiveness, which were printable as HE-3DP materials. Moreover, the 306 τ y and G' parameters of all the samples, which are crucial for supporting subsequently deposited 307 layers and maintaining printed shapes, increased with the increased starch concentration. 308
Nevertheless, the increased starch concentration could lead to over-high τ f values that hindered 309 smooth extrusion of starch materials. Thus, the highly desirable starch materials for HE-3DP should 310 not only possess suitable τ y and G', which are important for printing constructs to withstand its own 311 weight, but also have relatively low τ f to be easily extruded out from a small-diameter nozzle. 
